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A B S T R A C T
The corrosion of metals always has been a severe problem and therefore the development of anti-corrosion
coatings has become a spontaneous pressing issue of the moment. In this paper, the anticorrosive properties of 2-
hydroxyphosphonocarboxylic acid doped polyaniline (HPA-PANI)/epoxy composite coatings on low carbon steel
were investigated. Firstly, HPA-PANI was successfully synthesized by oxidative polymerization. The char-
acterization results exhibit that the average diameter of HPA-PANI nanofibers is approximate 50 nm. According
to the polarization curve and the EIS test, the performance of the composite coating was greatly improved
compared to the pure epoxy coating. The composite coatings slowed down the penetration of electrolytes and
aggressive ions, and improved the corrosion resistance. These were attributed to the redox ability of PANI. After
immersion in 3.5 wt% NaCl solution for 30 days, the corrosion layers of the coatings were characterized by SEM-
EDS and XPS. We found that 1.0 wt% of HPA-PANI/epoxy coating had the best protection performance and self-
healing function due to the passivation of PANI and the chelation of dedoped HPA ions with iron ions. Therefore,
we propose a plausible model to describe the anti-corrosion mechanism of HPA-PANI, and analyze the role of
doped ions (HPA) in the corrosion process.
1. Introduction
Metallic corrosion has the main affection on the friendliness of the
environment and the reliability of metal products, resulting in waste of
resources and endangering human safety [1,2]. Various anti-corrosion
technologies such as coatings [3–6], corrosion-resistant alloy protection
[7,8] and cathodic protection [9,10] have been developed. By pro-
viding a barrier effect, the application of corrosion-resistant coatings is
the most effective way against the corrosion. Among all protective
coatings, organic coatings are widely used due to their simple pre-
paration process and better protection performance [11]. When the
coating is naturally aged or subjected to external impact, the barrier of
the coating is destroyed and the etchant penetrates into the metal
surface. Corrosive chemicals form micropores in the coating, accel-
erating the failure behavior and reducing the protective properties of
the coating. Chromate-containing systems were used to protect metals
actively and efficiently in the past. Nevertheless, they are banned in the
EU due to their environmental unfriendliness and high toxicity (Cr6+
may be a cause of cancer) [12]. Therefore, there is a demand to develop
a replacement of chromates, which is environmentally friendly and has
significant inhibition properties. In recent decades, the application of
conductive polymers (CPs) in anticorrosive coatings has received in-
creasing attention [13]. A variety of CPs has been applied to advance
the anti-corrosion performance, including polyaniline (PANI) [14–17],
polypyrrole (PPY) [18–20], polythiophene [21,22] and Poly-
benzoxazine [23].
PANIs are the most investigated and promising CPs due to its simple
synthesis, economic advantages and special redox ability [24]. PANI-
based coatings are increasingly utilized and considered to be the best
choice for metal corrosion protection. Generally speaking, PANIs pro-
tect the substrates by inhibiting the penetration of the etchant and form
the passivation oxide layer on the surface of the metal [25–27]. The
detailed mechanism of the anti-corrosion of PANI has not formed a
convincing explanation yet, but it can be ascertained that the passiva-
tion oxide layer is formed by the galvanic interaction between the metal
and the emeraldine base (EB) PANI. The galvanic interaction cause
metal substrate to transition to more positive potentials and EB-PANI is
converted to leuco emeraldine base (LEB) PANI with releasing the do-
pant anion. In order to describe the galvanic interaction of the pro-
tective metal against the corrosion of the etchant, several explanations
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have been postulated: the oxide layer between the PANI and the metal
is formed by the redox-catalytic reaction between PANI and inhibitive
properties of dopant. It is reported that the nature of the passivation
layer is related to the dopant of PANI, and the doping anions can per-
form as inhibitors in the system. Therefore, the doped PANI coating
could supply significant protection in practical applications.
Interestingly, PANI can be doped not only with inorganic acids
[3,28] but also with organic acids [29,30]. For inorganic acids doped
PANI, it can lead to a defect in one aspect, such as 1) the doped acidic
anions (e.g. Cl− and SO42−) will induce the corrosion of mental sub-
strate; 2) the chelation effect of the inorganic acid is weak. Although
organic acid doped PANI has good compatibility with resins, their
chelation ability is also weak. Hence, it is necessary to find an appro-
priate organic acid to enhance its chelation with metal, and the doped
PANI should have the significant anticorrosion performance in the
meantime. 2-hydroxyphosphonocarboxylic acid (HPA), one of the
cathodic corrosion inhibitor for metals, possesses efficient corrosion
inhibition properties and good solubility in water, which can complex
with metal to form chelates. Although multitudinous organic acid do-
pants are exploited for protecting metals, HPA as a dopant in PANI
coatings is not reported before.
Here, we introduce the application of HPA doped PANI as a corro-
sion inhibitor in the preparation of CPs/epoxy anticorrosive coatings.
First, we obtained HPA-PANI by polymerization. The HPA-PANI na-
nofibers were investigated by FI-IR, UV–vis, Raman spectroscopy,
Scanning Electron Microscope(SEM), respectively. Next, the antic-
orrosion performance of CPs/epoxy anticorrosive coatings containing
different amounts of HPA-PANI was measured by electrochemical im-
pedance spectroscopy (EIS) and Polarization techniques. It was found
that the addition of HPA-PANI in the composite coating significantly
improved the corrosion protection performance. On the purpose of in-
vestigating the mechanism of corrosion protection of HPA-PANI, cor-
rosion coatings on the Q235 surface were characterized by SEM-EDS,
XRD and XPS. HPA-PANI coatings showed a strong self-healing ability
due to the presence of HPA anions.
2. Experiment
2.1. Synthesis of HPA-PANI nanofibers
As shown in Fig. S1, HPA-PANI were synthesized according to the
method reported by Liao et al. [31]. 50mmol Aniline (Sinopharm) was
dissolved in 1M HPA aqueous solution (Maclin) and labeled as solution
A. 50mmol ammonium persulfate (Sinopharm) was dissolved in 1M
HPA solution and marked as solution B. Two solutions were then mixed
quickly at 0 ℃ and stirred for a few seconds to ensure well-mixed. Next,
the reaction mixture was allowed to rest for 24 h. After that, the crude
product was purified by DI water and ethanol several times, and then
HPA-PANI was obtained by drying in vacuum at 40 °C overnight. The
dedoped PANI were prepared from doped PANI, HPA-PANI were added
into 100ml of ammonia water (1 mol L−1) and stirred for 4 h, then
purified and dried to obtain the dedoped PANI.
2.2. Preparation of HPA-PANI /epoxy anticorrosion coatings
The composite coatings, with 0.5 wt%, 1.0 wt%, 2.0 wt% of HPA-
PANI nanofibers, were prepared in a general procedure. A precalculated
epoxy resin (E51, Meidong Biological Materials), anhydrous alcohol,
and HPA-PANI were mixed and ultrasonicated for 0.5 h. The curing
agent was then added to the mixture using the high-speed disperser
(T16, IKA) at 2000 rpm and stirred for 5min. Subsequently, the pre-
pared coating was roll-coated on the Q235 steel electrode and cured for
72 h at room temperature. For comparison, the coating of epoxy
without HPA-PANI was obtained using the same procedure. The
thickness of all dry coatings were controlled at 20 ± 5 μm.
2.3. Characterization
The morphology and microstructure of the HPA-PANI nanofibers
were characterized by SEM (SU8220, Hitachi). FT-IR spectrum
(VERTEX 70, Bruker), UV–vis spectrum (UV-2501PC, Shimadzu),
Raman spectra (LabRAM HR Evolution, HORIBA Jobin Yvon) and XRD
(SmartLab3KW, Rigaku) were carried out to investigate the HPA-PANI
powders. Furthermore, XPS (ESCALAB 250XI+, Thermo Fisher
Scientific) was used to identify the chemical composition. All electro-
chemical corrosion measurements were conducted in 3.5 wt% NaCl
solution on the electrochemical workstation (CS350, Wuhan CorrTest
Instruments Corp., Ltd). The electrochemical tests were conducted in a
three-electrode cell in which the Platinum electrode, the Saturated ca-
lomel electrode (SCE), and the coated Q235 steel electrode were the
counter electrode, the reference electrode, and the working electrode,
respectively. The electrochemical impedance spectroscopy (EIS) tests
were performed at the open circuit potential (OCP) in the frequency
range of 105 to 10−2 Hz, in which the signal amplitude was a sinusoidal
voltage of 20mV. The EIS data were fitted using ZSimpWin. The
Polarization curves were collected at the scan rate of 0.5mV/s by
sweeping the potential between −250mV and 250mV from OCP after
30 days of immersion in the 3.5 wt% NaCl. When EIS tests were fin-
ished, the corrosion products on the Q235 surface were characterized
by SEM-EDS, XRD and XPS.
3. Results and discussion
3.1. Characterization of HPA-PANI nanofibers
To investigate HPA-PANI nanofibers, FT-IR, Raman, XRD, and
UV–vis spectroscopy were employed to characterize the physical
properties. Fig. 1(a) compares the FI-IR patterns of HPA-PANI and de-
doped PANI. The vibration in the HPA-PANI at 1559 cm−1, 1481 cm−1,
1300 cm−1, 1112 cm−1 can be attributed to the quinoid structure,
benzenoid, CeN stretching, and CeH of N]Q]N (Q represents qui-
none ring), respectively [32,33]. Contrary to the HAP-PANI, the posi-
tions of peaks of dedoped PANI shift to higher wavenumbers. Such as
the characteristic peaks move from 1559 cm−1 and 1112 cm−1 to
1575 cm−1 and 1142 cm−1, respectively. The peak at 1481 cm−1 shifts
to 1494 cm−1, which corresponds to the stretching vibration mode of
C]C in the benzene. Therefore, HPA had doped onto PANI, and it
mainly locates in the quinone ring. Fig. 1(b) depicts the Raman spec-
trum of HPA-PANI exhibiting typical PANI peaks. The peak at
1592 cm−1 and 1557 cm−1 are elevated as the stretching vibrational
mode of the benzene and quinone ring, respectively [34]. The strong
peak at 1177 cm-1 is due to the CeH bending vibration of benzene and
the peak at 1462 cm−1 represents the C]N stretching of the quinone
ring. The peak at 1331 cm−1 is a characteristic band form related to
CeN+ stretching vibrations, which indicates the presence of imine in
the HPA-PANI backbone. The UV–vis spectrum of HAP-PANI in Fig. 1(c)
exhibits two characteristic peaks at 303 and 653 nm, and it can be at-
tributed to the π−π* transition of the benzene and the n−π* transition
of the quinone ring [35]. As shown in Fig. 1(d), the XRD pattern of
HPA-PANI was obtained with the scan range of 2θ=10–50°, where the
diffraction peaks at 15.3°, 20.3°, and 25.1° can be contributed to (011),
(020), and (200) crystal planes of EB-PANI, respectively. The crystalline
peak (200) that indicates the crystalline structures of HPA-PANI na-
nofibers is sharper than others [36].
The electronic states among the elements of HPA-PANI powders
were characterized by XPS. Fig. 1(e) shows that HPA-PANI nanofibers
contain C, N, O, and little P. In particular, the P2p peak in the wide scan
spectrum just represents the characteristics of HPA. The N1s core level
spectrum of HPA-PANI can be deconvoluted into four components lo-
cated at 398.9, 399.4, 400.1, and 401.1 eV (Fig. 1(f)). Furthermore, the
four bonding states attributed to quinoid imine units (eN], 398.9 eV),
benzenoid amine (eNHe, 399.4 eV), and protonated species (N+,
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400.1, 401.1 eV) [37,38].
Fig. 1(g) and (h) illustrate the SEM images of HPA-PANI nanofibers.
It is indicated that the HPA-PANI nanofibers have a typical nanofiber
structure with an average diameter of about 50 nm. From the above
characterization, it can be concluded that HPA-PANI nanofibers were
successfully prepared by rapid oxidative polymerization.
3.2. Anticorrosion properties of HPA-PANI/epoxy composite coatings
Fig. 2(a) shows the potentiodynamic polarization curves of the HPA-
PANI/epoxy composite coatings recorded after immersion in 3.5 wt%
NaCl solution for 30 days. Considering the test error and corrosion
sensitivity of the pure epoxy coating, 2.0mm diameter holes were
drilled with a sharp needle to expose the substrate for introducing the
coating defects in all coatings, thereby obtaining the typical polariza-
tion curves in the three-electrode cell. By measuring the potentiody-
namic polarization, we studied the retardation of the anode dynamics
and evaluated the corrosion resistance of the HPA- HPA-PANI/epoxy
composite coatings. Fig. 2(b) presents the electrochemical parameters
calculated from Fig. 2(a), which can directly assess the stability of the
coatings under corrosive conditions. It can be seen that the corrosion
potential (Ecorr) -the lowest Ecorr of pure epoxy coating is -0.694 V vs
SCE, and it has the highest corrosion current density (2.23× 10−6 A
cm−2). In contrast, the HPA-PANI/epoxy composite coatings have
higher Ecorr value with increasing HPA-PANI content, which are
−0.635 V(0.5 wt%), −0.534 V(1.0 wt%) and -0.351 V(2.0 wt%). In
addition, the corrosion current (icorr) of the HPA-PANI/epoxy coatings
are more negative than that of the pure epoxy coating, which are
2.33×10−9 A cm−2(0.5 wt%), 2.20×10−10 A cm−2(1.0 wt%) and
3.75×10−10 A cm−2(2.0 wt%). It can contribute to forming the pas-
sivating oxide layer. In general, Ecorr is related to the tendency of cor-
rosion reaction. In other words, the higher corrosion potential and
lower corrosion current the coating have, the better anticorrosive
properties the coating possesses [30,31]. Apparently, the coating with
1.0 wt% HPA-PANI held the lowest icorr and the lowest corrosion rate
(2.576×10−6 mm/a) as shown in Fig. 2(c), which indicate that it has
the best corrosion resistance in all coatings.
To further investigate the anticorrosion protection provided by
HPA-PANI, we discussed the electrochemical behavior of the coatings
using EIS. From Fig. 3, the corresponding Bode plots of the HPA-PANI/
epoxy composite coatings were obtained after immersion in 3.5 wt%
NaCl solution for 30 days. Generally speaking, the impedance modulus
at low frequency, |Z|f=0.01Hz, is considered as a semi-quantitative in-
dicator of the corrosion resistance of the coating [39]. Table 1 shows
the values of the impedance modulus of epoxy coatings with different
HPA-PANI contents and different immersion time. For the low-fre-
quency impedance modulus, the pure epoxy coating exhibits a rela-
tively high value (1.72×108 Ω cm2) at the initiation of immersion, and
the |Z|f=0.01Hz of epoxy coating gradually decreases with the increase of
immersion time, the value decreases to 2.98× 106 Ω cm2 after im-
mersion for 30 days. The Bode curves (Fig. 3(a) and (b)) show that the
potential protection of the pure epoxy coating has been significantly
attenuated, because the electrolyte penetrates the substrate through the
coating, causing corrosion of the substrate. For the coatings with 0.5 wt
%, 1.0 wt% and 2.0 wt% HPA-PANI, the initial |Z|f=0.01Hz are
7.94×107, 4.63× 108 and 3.08×107 Ω cm2, respectively, and the
final |Z|f=0.01Hz are apparently higher than the pure epoxy coating.
1.0 wt% HPA-PANI coating exhibits the supreme impedance value
Fig. 1. Characterization of HPA-PANI nanofibers. (a) FT-IR spectra of HPA-PANI and dedoped PANI. (b) Raman spectra. (c) UV–vis spectra. (d) XRD pattern of HPA-
PANI. XPS of (e) wide spectrum and (f) N1s spectra. (g) and (h) SEM images.
Fig. 2. (a) Polarization curves, (b) Corrosion parameters and (c)corrosion rate of composite coatings with different HPA-PANI contents after immersion in 3.5 wt%
NaCl solution for 30 days.
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among in all coatings, indicating its highest corrosive resistance.
The results of the EIS were fitted using the equivalent circuit shown
in Fig. 4(a) and (b) [40]. To a certain extent, the decrease of coating
resistance (Rc) and the increase of coating capacitance (Cc) can reflect
the penetration of water and electrolytes. The electric double layer
appears due to the corrosion reaction between the coating and the
metal surface. The resistance of the electric double layer (Rt) can also
be understood as the resistance of electron transfer in the electric
Fig. 3. Time-dependent Bode plots of the epoxy coatings of (a,b) 0 wt% HPA-PANI, (c, d) 0.5 wt% HPA-PANI, (e, f) 1.0 wt% HPA-PANI, (g, h) 2.0 wt% HPA-PANI
after immersion in 3.5 wt% NaCl solution for 30 days.
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double layer. The Warburg impedance (Zw) indicates that the diffusion
of electrolyte in the coating is relatively large.
ZsimpWin was used to obtain the fitting results combining the above
fitting models (Fig. 4). It is generally believed that a lower value for Cc
means that a small amount of electrolyte penetrates into the coating
[41]. The infiltration process consists of two stages. Stage I is the rapid
penetration of the electrolyte into the coating; stage II is the slow dif-
fusion of the electrolyte inside the coating and eventually towards sa-
turation. Cc shows a gradual upward trend for pure epoxy coatings,
increasing from 7.40× 10−9 F cm2 to 1.95× 10−7 F cm2 with im-
mersion time. In contrast, the HPA-PANI/epoxy coatings have much
lower Cc values, which contribute to the physical barrier properties of
the coatings, such as preventing the rapid diffusion of water.
Rt is inversely proportional to the corrosion rate of the corrosion
process occurring at the interface of coating and metal [3]. The higher
the Rt value, the more difficult the electron transfer is, which makes the
corrosion reaction more difficult to occur, meaning a lower corrosion
rate [42]. As shown in Fig. 4(c) and (d), Rt of the coatings show a
similar downward trend with the increase of immersion time. For the
pure epoxy coating, Rt gradually decreases from 3.03× 107 Ω cm2 to
8.49×105 Ω cm2 during the 30 days of immersion. Moreover, the final
values of Rt of the HPA-PANI coatings are much higher than pure epoxy
coating. The 1.0 wt% HPA-PANI coating shows the highest Rt and the
smallest drop rate of Rt, indicating that the 1.0 wt% HPA-PANI sample
is the least corroded.
3.3. Surface morphological and chemical analysis
In order to understand the corrosion layer of Q235, SEM-EDS and
XPS were performed on the surface of the substrate after immersion in
3.5 wt% NaCl solution for 30 days. The surface of the corrosion layer
coated with the pure epoxy coating is a dense film with cracks and
blocks (Fig. 5(a)), and the surface coated with 1.0 wt% HPA-PANI/
epoxy coating is a smooth passivation film with small-scale corrosion
areas (Fig. 5(b)). Importantly, EDS shows significant phosphide for-
mation on the surface of the substrate coated with 1.0 wt% HPA-PANI/
epoxy coating.
The XPS results show the composition of the substrate under the two
coatings. The surface contains Fe, O, P, C and N under the 1.0 wt%
HPA-PANI/epoxy coating, but only contains C, O and Fe under the pure
epoxy coating. The photoelectron signals after background subtraction
and curve fitting are shown in Fig. 5(c) and (d). The Fe2p core energy
spectrum under the pure epoxy coating can be deconvoluted into three
bonding states with peaks at 709.81 eV, 710.71 eV and 712.24 eV,
corresponding to Fe3O4, Fe2O3, FeOOH [43–45], respectively. How-
ever, the Fe2p spectrum under the 1.0 wt% HPA-PANI/epoxy coating is
composed of Fe3O4 at 709.65 eV, Fe2O3 at 710.31 eV, FeOOH at
Table 1
The impedance modulus of epoxy coatings with different HPA-PANI contents
and immersion time.
Zf=0.01Hz (Ω cm2)
1 day 10 days 30 days
0wt% HPA-PANI 1.72× 108 8.44× 106 2.98× 106
0.5 wt% HPA-PANI 7.94× 107 2.08× 107 1.33× 107
1.0 wt% HPA-PANI 4.63× 108 9.37× 107 4.18× 107
2.0 wt% HPA-PANI 3.08× 107 2.54× 107 1.04× 107
Fig. 4. The equivalent electrical circuit for (a) HPA-PANI/epoxy coatings (b) pure epoxy coating (Rs, Rc and Rt are the resistance of solution, coating and electric
double layer, respectively; Cc and Ct are the capacitance of coating and electric double layer; Zw is theWarburg impedance). (c) Electron transfer resistance (Rt) and
(b) coating capacitance (Cc) of composite coatings with different HPA-PANI contents as a function of immersion time.
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711.08 eV, Fe(OH)3 [46,47] at 712.2 eV and phosphoric ligand of Fe
(Fe-HPA) at 713.85 eV. Furthermore, as show in Fig. S4, the XRD pat-
terns of surface of steel support the XPS results. Compared with pure
epoxy coated substrate (Fig. S4a), the substrate with HPA-PANI /epoxy
coating exhibit new peaks associated with Fe(OH)3 after immersion 30
days.
3.4. Discussion
3.4.1. Effect of the concentration of HPA-PANI nanofibers on the protection
performance coatings
In the present work, the correlation results show the concentration
of HPA-PANI in the coating has a considerable influence on corrosion
resistance of the coatings. Low concentration of HPA-PANI (0.5 wt%)
cannot effectively suppress the corrosion on the steel surface. The high
concentration of HPA-PANI (2.0 wt%) will increase the defects of
coatings and weaken its barrier effect. As illustrated in Fig. 6, the sur-
face roughness of the coating increases as the concentration of PANI-PA
increases. When the concentration of HPA-PANI is increased to 2.0 wt
%, an obvious aggregation of PANI-PA particles is observed. The
coating capacitance (Cc) of 2.0 wt% HPA-PANI coating is higher than
0.5 wt% and 1.0 wt% HPA-PANI coating. Hence, these defects the
electrolyte easier to penetrate into the coating. Furthermore, the Cc
value of 1.0 wt% HPA-PANI coating changes little during the whole
immersion stage, indicating that there is not much penetration progress
in the coating. By comparing the variation of EIS and potentiodynamic
polarization test for different coatings during the 30 days immersion,
1.0 wt% HPA-PANI/epoxy coating possesses the best protection per-
formance.
3.4.2. Anti-corrosion mechanism
In summary, we summarize the mechanism of the corrosion re-
sistance of HPA-PANI/epoxy coatings on the Q235 substrate so far and
propose a more convincing mechanism based on our experimental re-
sults. On the one hand, it is the barrier effect. HPA-PANI/epoxy coating
works as a barrier against the diffusion of the electrolyte and aggressive
ions, protecting the substrate metal. On the other hand, it is working as
anodic protection. PANI, an additive in coatings, forms a uniform and
protective metal oxide film on the metal surface under the condition of
immersion. As shown in Fig. 7(a), when the electrolyte and aggressive
ions diffuse to the metal surface, the substrate metal is triggered to
oxidize and release electrons, and the EB-PANI is reduced to the LEB
state in the presence of free electrons. The passive protective iron hy-
droxide layer can be formed [48,49]. LEB-PANI is further converted to
EB-PANI by oxidation reaction while simultaneously releasing electrons
into O2.
2Fe2+ + HPA-PANI(EB) + 6H2O →2 Fe(OH)3 + HPA-PANI(LEB)
+6H+ (1)
2O2 + 4H2O + HPA-PANI(LEB) → HPA-PANI(EB) +8OH− (2)
In our experiments, HPA exists as anions in HPA-PANI, which
compensate for the positive charges in the oxidized PANI chain. If there
are some defects in the coating, the HPA anions can be released during
the cyclic redox process of the PANI. When the HPA anions are deliv-
ered to substrate, they form complexes with the metal ions, which can
passivate defects and slow or prevent corrosion.
Based on the above two widely known mechanisms, we propose
self-healing protection further (Fig. 7(b)). At the beginning of immer-
sion, the iron hydroxide layer formed provides effective corrosion
protection for the Q235 substrates. The HPA-PANI/epoxy composite
coating has higher low-frequency impedance and coating resistance
than pure epoxy coatings from EIS analysis. More importantly, the
corrosion current indicates that the dopant, HPA, can delay the corro-
sion process of the coating. After immersion for 10 days, chloride ions
may have penetrated into the coating, causing small defects in the
coating and passive oxide layer. However, HPA-PANI coatings show a
strong self-healing ability, which is the self-healing protection, due to
the presence of HPA anions. This is because if the coating and passive
oxide layer are damaged locally, phosphate anions in the PANI chain
will be released at the defects to form phosphate complexes, which can
suppress the cathodic reaction and repair the passive oxide layer for
Fig. 5. SEM images of the rust layer of Q235
coated with (a) pure epoxy coating and (b)
1.0 wt% HPA-PANI/epoxy coating after im-
mersion in 3.5 wt% NaCl solution for 30 days
(Elemental compositions of the corrosion layer
were obtained in the red region by EDS). XPS
patterns of Fe2p core energy spectrum under
(c) pure epoxy coating and (d) 1.0 wt% HPA-
PANI/epoxy coating (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).
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avoiding further corrosion. The assumption is well supported by EDS
and XPS analysis of the Q235 steel substrate. For investigating the self-
healing performance, the coatings with a 1mm long scratch were tested
by EIS. The results show that the low-frequency impedance of the HPA-
PANI/epoxy coatings are higher than the pure epoxy coating, indicating
that the incorporation of HPA-PANI into epoxy coating has enhanced
the self-healing performance.
4. Conclusion
In this work, 2-hydroxyphosphonocarboxylic acid (HPA) doped
polyaniline (PANI) nanofibers with an average particle size of about
50 nm were successfully synthesized by oxidative polymerization
method. We found that the concentration of HPA-PANI in the coatings
has a considerable influence on its corrosion resistance through the
discussion of HPA-PANI/epoxy composite coatings. 1.0 wt% HPA-PANI
is the optimal concentration in the coatings. The composite coating
containing 1.0 wt% HPA-PANI can effectively retard the invasion of
electrolytes and the penetration of corrosive ions, thus further
enhancing the anti-corrosion of the composite coating. Further research
found that the 1.0 wt% HPA-PANI/epoxy coating, to a certain extent,
possess of the best protective and self-healing properties due to the
passivation of PANI and the chelating action of HPA ions with iron ions.
Finally, the corrosion protection mechanism of HPA-PANI and the role
of dopant ions (HPA) were revealed by presenting a phenomenological
model of the system.
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Fig. 7. The protection mechanism of HPA-PANI/epoxy coating.
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